junction adhesion molecule (Jam)C, JamB, polarity proteins Par3 and Par6b, and the Rho GTPase Cdc42-GTP. These interacting proteins are necessary to stimulate 3D matrix-specific signaling events (including activation of protein kinase cascades that regulate the actin and microtubule cytoskeletons) to control the formation of EC lumens and tube networks. Also, EC lumen formation is directly coupled to the
Introduction
A fundamental required step in vascular morphogenesis is the creation of networks of endothelial cell (EC)-lined tubes in both developmental and postnatal contexts [Adams and Alitalo, 2007; Davis et al., 2007 Davis et al., , 2011b Holderfield and Hughes, 2008; Iruela-Arispe and Davis, 2009; Warren and Iruela-Arispe, 2010; Senger and Davis, 2011] . The molecular control of this process is being elucidated using a variety of experimental approaches including both in vitro and in vivo models that have led to major advances in our developing mechanistic understanding of this process. ECs, like epithelial cells, are capable of forming cell-lined tubes when placed in a three-dimensional (3D) extracellular matrix (ECM) environment when appropriate cytokines are supplied (that support morphogenesis and survival) [Iruela-Arispe and Davis, 2009; Andrew and Ewald, 2010; Datta et al., 2011; Davis et al., 2011b; Senger and Davis, 2011] . This is in marked contrast to other cell types such as fibroblasts, pericytes, and vascular smooth muscle cells which fail to form lumens and tubes when they are placed under the same conditions. The molecular basis for this fundamental difference remains a critical question for understanding why ECs and epithelial cells form lumens and tubes and why fibroblasts and other cell types do not.
EC-lined tubes are unique in that they become exposed to high flow and pressure forces [Lucitti et al., 2007; Dejana et al., 2009; Iruela-Arispe and Davis, 2009; Wagenseil and Mecham, 2009; Culver and Dickinson, 2010] . This major functional difference between these tubes and epithelial cell tubes needs to be emphasized. In general, blood EC tubes (contrasting them with lymphatic EC tubes) propel blood cells and plasma fluids and participate in a closed, pressurized circuit connected to a heart pump [Wagenseil and Mecham, 2009; Culver and Dickinson, 2010] , while many epithelial tubes are typically secretory in nature but can also propel fluids, albeit in a low pressure environment. These distinctions are highly relevant, and although EC and epithelial tubulogenesis mechanisms are related, their functional dissimilarities likely play major roles in why their tube formation mechanisms show significant differences as well.
Another key distinction is the major accumulation of mural cells that become invested around EC-lined tubes in the blood vasculature [Armulik et al., 2005; Hughes, 2008; Gaengel et al., 2009; Davis et al., 2011a; Senger and Davis, 2011] . This mural cell recruitment process and the functional consequences of these events lead to tubes that are able to control systemic processes such as blood pressure (through arteriolar contractility) and elastic recoil forces (i.e. from large arteries) that propel blood through the vasculature in conjunction with the cardiac contractility cycle [Segal, 2005; Hill et al., 2007; Wagenseil and Mecham, 2009] . The process by which mural cells become recruited to EC-lined tubes is being elucidated using both in vitro and in vivo models [Davis et al., 2007 [Davis et al., , 2011a Hughes, 2008; Gaengel et al., 2009; Stratman et al., 2009a . Of great interest is that pericyte recruitment to EC tubes in the developing and stable microvasculature leads to ECM remodeling and, specifically, vascular basement membrane matrix assembly, a fundamental step in the maturation of the vasculature [Stratman et al., 2009a .
One apparent distinction between EC and epithelial tubes is the relative lack of transmembrane proteins that are specific to the apical membrane in ECs versus epithelial tubes [Davis et al., 2011b] . Podocalyxin is a transmembrane protein that appears to show apical targeting in ECs [Dekan et al., 1990; Lampugnani et al., 2010] ; however, it again appears less than that observed in epithelial tubes. An interesting consideration is that the accumulation of mural cells specifically on the basal surface of EC tubes along with vascular basement membrane at this surface could represent a major polarizing signal for ECs. Importantly, the apical surface in ECs is exposed to significant flow and pressure forces [Culver and Dickinson, 2010] and this type of stimulus may also represent a major polarizing signal for ECs. Flow forces are known to cause centrosome reorientation in the direction of flow, an event that requires Cdc42 [Tzima et al., 2003] . Perhaps the specialized apical surfaces of epithelial cells [Bryant and Mostov, 2008] , which are highly linked to secretory and absorptive functions, are not compatible with such forces. ECs are also very thin and flat cells in most vascular beds with small EC-EC junctions compared with the large cuboidal epithelial cell shape and large membrane contact zones in typical epithelial cell-cell junctions [Lampugnani and Dejana, 2007; Bryant and Mostov, 2008; Dejana et al., 2009; Iruela-Arispe and Davis, 2009] . These marked distinctions likely underlie many of the new differences that are becoming apparent in studies of both EC and epithelial lumen formation. However, it is also clear that studies of both systems have lead to important advances in our understanding of the lumen and tube formation process that have applicability toward both events.
In this review, the molecular basis for EC lumen and tube morphogenesis will be discussed, and we will emphasize the critical importance of studies using both in vitro and in vivo approaches to elucidate the molecular basis for these fundamental biological processes. We will focus on a number of key issues including the role of ECM, integrin and Rho GTPase signaling, protein kinase cascades, cell polarity mechanisms, multiprotein complexes that control EC lumen formation and signaling, EC-mural cell interactions that influence EC tube formation and vascular basement membrane matrix assembly, and regulation of vascular tube morphogenesis by cytokines.
Morphologic Changes That Characterize the EC Lumen and Tube Assembly Process in 3D ECM: Role of Intracellular Vacuoles in EC Lumen Formation
It has been important over the years to characterize the EC lumen and tube formation process from a morphologic perspective [Folkman and Haudenschild, 1980; Davis and Camarillo, 1996; Davis et al., 2002; Davis and Bayless, 2003; Lubarsky and Krasnow, 2003; Filla et al., 2004; Sainson et al., 2005; Kamei et al., 2006; Yaniv et al., 2006; Zamir et al., 2006; Aplin et al., 2008; Holderfield and Hughes, 2008; Koh et al., 2008b; McKinney and Weinstein, 2008; Nakatsu and Hughes, 2008; Herbert et al., 2009; Sato et al., 2010] . The development of real-time imaging approaches to visualize these events in vitro and in vivo have strongly facilitated our ability to identify and characterize particular steps in the process. In addition, basic histologic approaches have revealed considerable information as well. As shown in figure 1 , human ECs are able to assemble into multicellular tube networks when they are suspended as single cells in 3D matrices in assay systems that mimic 'vasculogenesis' or in others where ECs are seeded on the surface of 3D ECM gels and allowed to sprout into the matrix to form tubes and tube networks (mimicking angiogenesis). A key point is that cross sections of such cultures need to demonstrate the presence of lumens as shown in figure  1 c, d , and f. It is clear that the structures are multicellular ( fig. 1 a, e ) but, to demonstrate this point further, ECs carrying either green fluorescent protein (GFP) or separately monomeric red fluorescent protein (mRFP) were cocultured to demonstrate multicellular tube assembly during this process ( fig. 1 b) .
Careful imaging of the EC tubulogenic process in 3D matrices in vitro revealed the surprising finding that ECs undergo marked intracellular vacuolation and fusion events during tube formation ( fig. 2 ) [Davis and Camarillo, 1996; Bayless et al., 2000; Bayless and Davis, 2002; Davis et al., 2002; Davis and Bayless, 2003; Kamei et al., 2006] . Importantly, these phenomena have been observed both in vitro and in vivo [Egginton and Gerritsen, 2003; Kamei et al., 2006; Liu et al., 2010; Wang et al., 2010; Zovein et al., 2010] . A critical question that has yet to be answered after all of these years is: why is this necessary?
In support of such a concept is the clear observation that single ECs, without contact from neighboring ECs (and without EC-EC junctional contacts), can form lumen structures [Davis and Camarillo, 1996; Davis et al., 2002] . A real-time image series of a single EC forming vacuoles and a lumen structure over 24 h is shown in figure 2 a. Real-time imaging at lower power reveals fields of ECs forming intracellular vacuoles and then expanding their lumens in conjunction with EC sprouting and branching events leading to multicellular tube assembly ( fig. 2 b) . To partially address the question raised above, it is apparent that ECs need to assemble multicellular tube structures very rapidly (within hours) in order to accommodate embryonic developmental requirements (i.e. oxygenation to meet rapid growth needs). Interestingly, EC tubulogenesis in vitro (1-2 days) [Koh et al., 2008b] appears to be much more rapid than that observed for epithelial tubulogenesis (1-2 weeks) [O'Brien et al., 2006] . In order to transfer basal membranes to an apical position rapidly to accommodate the timing of the EC tubulogenic process, it would make sense to rapidly pinocytose basal membranes into a presumptive apical membrane position (i.e. a process that resembles macropinocytosis) through intracellular vacuole formation and vacuole-vacuole fusion events ( fig. 3 ). In fact, our laboratory has clearly observed that this process occurs during EC lumen formation in vitro [Davis and Camarillo, 1996; Bayless et al., 2000; Davis et al., 2002] . Interestingly, other intracellular membranes appear to fuse with intracellular vacuoles also as we observed that Weibel-Palade bodies could be shown to fuse and transfer their contents (i.e. von Willebrand factor) into early vacuoles and early lumenal structures [Davis and Camarillo, 1996; Davis and Bayless, 2003 ]. Thus, it appears that ECs may use such mechanisms to rapidly create apical membranes that are fluid filled which distinguishes them from the basal membranes in contact with ECM.
Recently, controversy has arisen over whether this process even occurs in ECs [Blum et al., 2008; Strilic et al., 2009] . We have recently discussed these issues in detail in a separate review [Davis et al., 2011b] but, to summarize our previous discussion, it is clear that intracellular vacuolation is an important component of EC lumenogenesis in many vascular beds. These dynamic vacuole structures have been observed by multiple investigators and using different systems both in vitro and in vivo ( fig. 3 ) [Davis and Camarillo, 1996; Yang et al., 1999; Bayless and Davis, 2002; Davis et al., 2002; Davis and Bayless, 2003; Egginton and Gerritsen, 2003; Stratman et al., 2009a; Liu et al., 2010; Wang et al., 2010; Zovein et al., 2010] . Furthermore, we recently reported the presence of EC intracellular vacuoles in quail ECs during tube assembly in the chorioallantoic membrane at embryonic day 5 [Stratman et al., 2009a] and we also show another example in figure 3 in vitro, it is a major mechanism controlling lumen formation and it is directly linked to integrin-and Cdc42/ Rac1-mediating signaling which are major regulators of EC tubulogenesis in 3D matrices Koh et al., 2008a Koh et al., , 2009 Sacharidou et al., 2010] . Furthermore, GFP-tagged Cdc42 or Rac1 target to vacuole membranes and these targeting vectors have been very helpful to visualize them in vitro and in vivo ( fig. 3 ) Kamei et al., 2006; Davis et al., 2007] . Additionally, GFP-RalA ( fig. 3 b) [Davis et al., 2007] and GFP-moesin (expressed in zebrafish) [Wang et al., 2010] have been shown to target to intracellular vacuole membranes during tube formation events. The GFP-Cdc42 fusion protein was expressed using an ECspecific promoter in zebrafish and it was shown that intracellular vacuoles were dynamically formed and participated in EC lumen formation during intersegmental sprouting events in vivo during vascular development [Kamei et al., 2006] . They could even be filled through extracellular application of fluorescent microspheres or dyes, a finding reproduced by two independent groups using zebrafish [Kamei et al., 2006; Wang et al., 2010] . Thus, intracellular vacuoles appear to be similar to macropinosomes which were demonstrated in our past in vitro studies [Davis and Camarillo, 1996; Bayless and Davis, 2002; Davis et al., 2007] and which also demonstrated that the vacuoles undergo both intracellular fusion and exocytic fusion events with plasma membranes (both apical and basal) ( fig. 3 a, b) . Several studies have suggested or shown the absence of large intracellular vacuoles (few small vacuoles were observed in the mouse aorta) within the developing aorta despite the clear ability of these ECs to form lumen structures [Strilic et al., 2009; Wang et al., 2010] . Our previous studies in vitro have demonstrated that intracellular vacuoles are one, but not the only, mechanism utilized by ECs to form lumenal structures ( fig. 4 ) [Davis et al., , 2007 [Davis et al., , 2011b Saunders et al., 2006; Stratman et al., 2009b; Sacharidou et al., 2010] . For example, we have shown that MT1-MMP appears to function primarily in EC lumen expansion through required proteolytic events (and which create physical spaces in the ECM termed vascular guidance tunnels) ( fig. 5 ) Stratman et al., 2009b; Sacharidou et al., 2010] . This same process occurs whether ECs are suspended as single cells or EC-EC aggregates (fewer vacuoles are observed in aggregates but they are not absent). Also, the activity of MT1-MMP appears to facilitate vacuole-vacuole fusion events to promote lumenal expansion, but blockade of MT1-MMP does allow for some intracellular vacuole formation events Stratman et al., 2009b; Sacharidou et al., 2010] . However, when MT1-MMP is inhibited, lumens and tubes fail to form because the lumenal spaces require concomitant vascular guidance tunnel space formation (an MT1-MMP-dependent event) [Stratman et al., 2009b] .
Additional work reveals that EC lumen signaling complexes [Sacharidou et al., 2010] as well as a previously de- Molecular mechanisms controlling EC lumen and tube assembly in 3D ECM environments. This schematic diagram illustrates two major mechanisms that control EC lumen and tube assembly during vascular morphogenesis. Importantly, the molecular and signaling requirements for these processes control a 3D matrix-specific event since lumen and tube formation do not occur on 2D surfaces. There are many common features in the two mechanisms including dependence on actin and microtubule function, integrins, dependence of Cdc42 and Rac1, and inhibition of these events by RhoA. Furthermore, membrane invagination events occur during both processes, with one revealing pinocytic structures (intracellular vacuoles) (left side) and the other invaginating membrane, but pinosomes are less prominent (right side). However, marked membrane transfer from basal membranes to apical membranes is key to both mechanisms as well as MT1-MMP-dependent lumen expansion which is required to create vascular guidance tunnels during the morphogenic process. Importantly, lumen formation mechanisms from ECs seeded as single cells versus preaggregated cells in 3D collagen matrices appear to be very similar in terms of both molecular and signaling requirements.
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scribed kinase cascade [Koh et al., 2008a control EC lumen formation whether ECs are suspended as single cells or as preaggregated cells within 3D collagen matrices [Sacharidou et al., in preparation] . We preaggregated ECs in order to mimic conditions that would occur in large vessel assembly such as in the aorta. Importantly, Cdc42, and Rac1, but not RhoA or Rho kinase Davis, 2002, 2004; Koh et al., 2008a; Sacharidou et al., 2010; Davis et al., 2011b] , control EC lumen formation from single or aggregated ECs in 3D collagen matrices along with ␣ 2 ␤ 1, MT1-MMP, JamB, JamC, Par3, and Par6b [Sacharidou et al., in preparation] . There are a few subtle distinctions between single versus aggregated ECs in controlling EC lumen in that Pak-2 and Yes appear to be less critical when they are aggregated compared to single ECs but, in contrast, other kinases, protein kinase C (PKC) , Src, and atypical PKC (aPKC) (i.e. PKCiota) are required during these processes [Sacharidou et al., in preparation] . Importantly, the major findings demonstrate that the critical EC lumen signaling complex and its downstream effectors [Sacharidou et al., 2010] are necessary whether ECs are single or aggregated cells and thus strongly suggests that the molecular and signaling requirements for lumen and tube assembly are likely to be very similar in different vascular beds of varying diameter and location. Clearly, this is an important area for future investigation.
Fundamental Role for ECM and Integrins in EC Lumen Formation and Tube Stabilization
EC interactions with 3D ECM are essential in order for these cells to migrate, invade, and assemble into tube networks ( fig. 1 ) [Davis and Senger, 2005; Davis et al., 2007 Davis et al., , 2011b Hynes, 2007 Hynes, , 2009 Rhodes and Simons, 2007; Somanath et al., 2009; Arroyo and Iruela-Arispe, 2010; Warren and Iruela-Arispe, 2010; Senger and Davis, 2011] . Importantly, EC tubulogenesis is a 3D matrix-specific event which does not occur on 2D ECM surfaces ( fig. 4 ). During vasculogenesis, individual ECs locate each other within 3D matrices requiring process extension, cell shape changes including intracellular vacuole formation coupled with lumen formation, EC surface-directed proteolysis to direct motility and lumen expansion and then mul- EC lumen signaling complexes are critical regulators of EC tubulogenesis in 3D matrices by controlling both tube and vascular guidance tunnel formation. An EC lumen signaling complex consisting of the ␣ 2 ␤ 1 integrin, MT1-MMP, JamC, JamB, Par3, Par6a and Par6b, Cdc42-GTP, and Rac1-GTP has been identified which is necessary for human ECs to form lumens and tube networks in 3D collagen matrices. GFP-labeled ECs were seeded in 3D collagen matrices, and after 24 h cultures were fixed and stained with anti-collagen type I antibodies and immunofluorescent images were prepared. Arrows indicate the borders of vascular guidance tunnels that are created as a result of the EC lumen signaling complex which contains the collagenolytic MMP, MT1-MMP. Vascular guidance tunnels represent matrix conduits that are created as a result of the EC tube formation process and which play a key role in vessel assembly, remodeling, and EC-mural cell interactions that are important during later steps of vascular tube maturation. Scale bar = 25 m.
Sacharidou /Stratman /Davis Cells Tissues Organs 2012; 195:122-143 130 ticellular tube assembly ( fig. 1 , 2 , 4 ) . In all cases, integrin contacts with the ECM are required for these events in 3D matrices. Two types of ECM appear to be particularly conducive to EC tube morphogenesis and sprouting and they include collagen type I and fibrin matrices [Davis and Senger, 2005; Senger and Davis, 2011] . Interestingly, the ␣ 2 ␤ 1 integrin controls EC tube formation and sprouting in collagen matrices [Davis and Camarillo, 1996; Senger et al., 1997; Bayless and Davis, 2003 ] while ␣ 5 ␤ 1 and ␣ v ␤ 3 control these events in fibrin matrices [Bayless et al., 2000; Bayless and Davis, 2003; Carnevale et al., 2007] ; thus, the integrins involved in vascular morphogenesis are directly linked to the ECM environment in which the process is occurring. These integrins have also been shown to be involved in regulating EC tube morphogenesis during developmental and adult neovascularization events [Drake et al., 1992; Senger et al., 1997; Stupack and Cheresh, 2004; San Antonio et al., 2009; van der Flier et al., 2010; Zovein et al., 2010] . In contrast, basement membrane matrices containing laminin variants (i.e. laminins 511, 521, 411, and 421), collagen type IV, and tissue inhibitor of metalloproteinase (TIMP)-3 appear to provide inhibitory signals to EC tube morphogenesis but, interestingly, contribute to the development of vascular tube maturation, stabilization, and EC quiescence [Liu and Senger, 2004; Davis and Senger, 2005; Saunders et al., 2006; Stratman et al., 2009a Stratman et al., , 2010 Senger and Davis, 2011] . More recent work has shown an exciting new aspect of integrin function during these events and this has been revealed comparing EC-only tubulogenesis to EC tubulogenesis in the presence of pericytes in 3D collagen matrices. We recently reported that EC-pericyte heterotypic cell interactions are necessary for vascular basement membrane matrix assembly in vitro and in vivo during quail vascular development [Stratman et al., 2009a . In the absence of pericytes, EC-only cultures fail to assemble a vascular basement membrane matrix. Importantly, blocking antibodies directed to the integrins ␣ 5 ␤ 1, ␣ 3 ␤ 1, ␣ 6 ␤ 1, and ␣ 1 ␤ 1 (fibronectin, laminin, nidogen and collagen type IV receptors) only have inhibitory effects when ECs and pericytes are cocultured [Stratman et al., 2009a] . In contrast, ␣ 2 ␤ 1 blocking antibodies markedly interfere with EC tube formation as well as stability in EC-only cultures [Stratman et al., 2009a] . Interestingly, in EC-pericyte cocultures, the influence of ␣ 2 ␤ 1 diminished with time as the collagen type I matrix was remodeled with vascular basement membrane matrix underlying EC tubes [Stratman et al., 2009a] . ␣ 5 ␤ 1, ␣ 3 ␤ 1, ␣ 6 ␤ 1, and ␣ 1 ␤ 1 all interact with basement membrane components; this appears to be the reason why they now become functionally relevant selectively in EC-pericyte cocultures, which is coincident with the deposition of vascular basement membrane matrix (representing the ECM ligands for these integrins). Previous studies focusing on vascular development have strongly implicated ␣ 5 ␤ 1 and fibronectin matrix deposition during these events [Francis et al., 2002; Astrof et al., 2007; Hynes, 2007; Astrof and Hynes, 2009; van der Flier et al., 2010] . EC-only tubes become much wider with time in the absence of basement membrane deposition compared to EC-pericyte tubes with basement membrane [Stratman et al., 2009a . This increased width depends on MMP activity, and inhibition of MT1-MMP appears to be one mechanism whereby EC-pericyte interactions lead to decreased tube width Stratman et al., 2009a, b] . Inhibitors of tube morphogenesis appear to be present in vascular basement membranes such as laminins and TIMP-3 Liu and Senger, 2004; Saunders et al., 2006] . Interestingly, we have preliminary data that laminin addition to 3D collagen matrices blocks EC lumen and tube formation and, furthermore, that laminin receptors such as ␣ 6 ␤ 1 appear to be involved in this inhibitory response [Sacharidou and Davis, unpubl . observations]. TIMP-3, which is produced by pericytes and which is an ECM-binding TIMP, blocks EC tube formation through inhibition of MT1-MMP . Thus, the ECM remodeling process during EC-pericyte tube coassembly limits vascular morphogenesis and leads to tube stabilization in part through inhibition of tube formation mechanisms. A second mechanism by which pericytes affect tube stabilization is by preventing proregressive stimuli (e.g. MMP-1 and MMP-10) [Saunders et al., 2005; Chang et al., 2006 ] from collapsing and regressing EC tube networks. This latter mechanism appears to be controlled by EC-derived TIMP-2 and pericyte-derived TIMP-3 Saunders et al., 2006; Stratman et al., 2009a] . Integrin binding to ECM leads to Rho GTPase activation and this activation mechanism is a fundamental step in the ability of ECs to form lumens and tubes in 3D ECM ( fig. 4 ) . This is the case whether isolated ECs undergo in-tracellular vacuole formation to form lumens or ECs are interacting with each other ( fig. 4 ) . Although, EC adhesion to 2D ECM surfaces leads to Rho GTPase activation, this does not lead to lumen formation, which is a 3D matrix-specific process [Davis et al., , 2007 [Davis et al., , 2011b Sacharidou et al., 2010] . This is an important issue that needs to be considered in terms of why EC lumen formation and tubulogenesis occurs in a 3D matrix-specific manner and not on 2D surfaces. Our laboratory first described that Cdc42 controls EC lumen formation ( table 1 ) . A dominant negative inhibitor of Cdc42 completely blocked lumen formation of human ECs in 3D collagen matrices . Later, we demonstrated that siRNA suppression of Cdc42 also completely abrogates lumen and tube formation [Davis et al., 2007; Koh et al., 2008a] . Dominant negative Rac1 and siRNA directed to Rac1 also markedly blocked lumen formation, while blockade of RhoA had no inhibitory influence Davis et al., 2007; Koh et al., 2008a] . Thus, EC lumen formation in 3D matrices depends on Cdc42 and Rac1, but not RhoA. In support of these findings, both Cdc42 and Rac1 have been implicated JamB/JamC JamB and JamC form heterodimeric complexes that regulate EC lumen formation; interact with the lumen regulator Par3; present in EC lumen signaling complexes that control Cdc42 activation in 3D but not 2D matrices
The JamB and JamC cytoplasmic tails are necessary for Par3 binding, Cdc42 activation, and EC lumen formation in 3D matrices; JamB and JamC are components of EC lumen signaling complexes Sacharidou et al., 2010 Par3, Par6b Proteins that regulate lumen formation and apical-basal polarization; Par3 binds to Jam cytoplasmic tails to control EC lumen formation; Par6b binds Cdc42-GTP and Par3; ␤1 integrin expression controls Par3 levels Par3 and Par6b are components of EC lumen signaling complexes that connect integrin signaling, MT1-MMP-mediated proteolysis, JamB/C, Cdc42 activation, and kinase signaling cascades to control EC lumenogenesis Koh et al., 2008 Koh et al., , 2009 Sacharidou et al., 2010; Lampugnani et al., 2010; Zovein et al., 2010 Sacharidou /Stratman /Davis Cells Tissues Organs 2012; 195:122-143 132 in vivo during either vascular developmental or postnatal vascularization responses [Tan et al., 2008; Hoang et al., 2010a, b] . Of great interest is the observation that RhoA controlled vascular tube collapse following microtubule depolymerization [Bayless and Davis, 2004] . Thus, RhoA was actually an inhibitor of the process and actively participated in EC tube collapse ( fig. 4 ) [Bayless and Davis, 2004] . We initially reported that expression of constitutively active RhoA in ECs completely blocked their ability to form intracellular vacuoles and lumens ( fig. 4 ) . Later work by several groups demonstrated an important role for a downstream effector of RhoA, Rho kinase (ROCK), in mediating tube collapse and regression [Mavria et al., 2006; Im and Kazlauskas, 2007] . Interestingly, they reported that Src and Erk1/2 activation led to inhibition of ROCK. We recently demonstrated that Cdc42-and Rac1-mediated signaling during EC lumen formation induces marked activation of both Src and Erk1/2 Sacharidou et al., 2010] , suggesting that this pathway would not only induce the formation of tube networks but at the same time prevent tube collapse by blocking RhoA and ROCK activation. Blockade of Src or Erk1/2 completely interferes with EC lumen formation, thus indicating that Cdc42/Rac1 actively opposes the action of RhoA and vice versa Sacharidou et al., 2010] . Interestingly, siRNA suppression of cerebral cavernous malformation (CCM) 1 or CCM2 leads to blockade of EC lumen formation ( table 2 ) [Whitehead et al., 2009; Lampugnani et al., 2010] but is also accompanied by marked activation of RhoA and ROCK [Glading et al., 2007; Kleaveland et al., 2009; Whitehead et al., 2009; Stockton et al., 2010] which leads to disassembly of EC-EC junctional contacts. Recently, we completed an interesting experiment where siRNA suppression of either CCM1 or CCM2 was performed at the same time as siRNA suppression of RhoA. These results demonstrate that suppression of RhoA expression completely rescues the inhibitory influence of CCM1 or CCM2 knockdown on EC lumen and tube formation [Sacharidou et al., in preparation] . Furthermore, we have confirmed this result by expressing dominant negative RhoA in CCM1 or CCM2 siRNA-treated ECs which also completely rescues the lumen formation defect in these treated cells [Sacharidou et al., in preparation] . Thus, much of the influence of CCM1 and CCM2 on EC lumen formation appears to be related to their ability to inhibit RhoA activation during the lumen formation process. The details of how these events occur at a molecular level are actively being pursued by our group as well as others.
An important function of Rho GTPases is to activate downstream effectors that then regulate their biological influence. Using an siRNA screening strategy, we identified p21-activated kinase (Pak)-2 and Pak-4 as well as the polarity protein Par6b as key effectors that controlled EC lumen formation [Koh et al., 2008a; Sacharidou et al., 2010; Davis et al., 2011b] . We further demonstrated that dominant negative mutants of both Pak-2 and Pak-4 completely inhibited EC lumen formation in 3D collagen matrices. Importantly, we showed that Pak-2 and Pak-4 activation (as indicated by phosphorylation) directly correlated with the time course of EC lumen formation [Koh et al., 2008a] . In addition, we demonstrated that Cdc42-GTP could be shown to be interacting with both activated Pak-2 and Pak-4 in ECs undergoing tube formation in 3D collagen matrices [Koh et al., 2008a] . Also, we demonstrated that both Par6b and its binding partner, Par3, could be shown to be interacting with Cdc42-GTP containing complexes during the tube formation process [Koh et al., 2008a; Sacharidou et al., 2010] . Previous work implicated Pak-1 in these events [Kiosses et al., 2002] . Furthermore, a study implicated a functional role for Pak-2 in zebrafish vascular development [Liu et al., 2007] while another study demonstrated a role for Pak-4 during mouse vascular development [Galan Moya et al., 2009; Tian et al., 2009] . Interestingly, Pak-4 has been reported to inhibit the activity of several Rho guanine exchange factors (GEFs) [Callow et al., 2005] and thus can decrease RhoA activation (an inhibitor of EC lumen formation) ( fig. 4 ) Davis, 2002, 2004; Mavria et al., 2006; Im and Kazlauskas, 2007] .
Cdc42-GTP is part of an EC lumen signaling complex that contains Par6b, Par3, junction adhesion molecule (Jam)B, JamC, MT1-MMP, and the ␣ 2 ␤ 1 integrin ( fig. 5 ) [Sacharidou et al., 2010] . Recent studies indicate that Par6a and Rac1 are also part of this complex [Sacharidou et al., in preparation] . Together, this complex of proteins controls human EC lumen formation and directly regulates Cdc42 activation in 3D collagen matrices but not on 2D collagen surfaces [Sacharidou et al., 2010] . In addition, EC motility was selectively inhibited in 3D matrices but not on 2D matrix surfaces when the expression of each of the EC lumen signaling complex components was blocked by siRNA suppression. A key regulator of these events is MT1-MMP, which selectively controls 3D matrix motility due to its proteolytic activity (since ECM is a barrier to cell motility in 3D matrices but not 2D matrices) ( fig. 5 ) transfer membrane components from basal to apical surfaces (i.e. intracellular vacuoles and other vesicle trafficking), and (v) activation of protein kinase cascades including PKC , aPKC, Src, Yes, C-Raf, B-Raf, and Erk1/2 which together play critical roles in controlling these events ( fig. 4 , 5 ) [Davis et al., 2007 [Davis et al., , 2011b Sacharidou et al., 2010] . In this latter case, considerable effort will be required to identify the particular kinase targets as well as target residues that are phosphorylated by these kinases to affect the EC lumen and tube formation process.
There is considerable evidence that the lumen regulators identified using in vitro model systems are also operative during these events in vivo ( tables 1 , 2 ). Key regulators that have been identified using knockout mice, morpholino oligos in zebrafish, or zebrafish mutants include Rac1, Pak-2, Pak-4, ␣ 2 ␤ 1 integrin, ␤ 1 integrins, 3D collagen matrices ( fig. 6 ) [Stratman et al., 2009b] . EC motility in 3D matrices is necessary for EC lumen and multicellular tube assembly (through generation of vascular guidance tunnels), and thus MT1-MMP proteolytic activity is required for these events Stratman et al., 2009b] . Importantly, MT1-MMP activity also plays a critical role in controlling Cdc42 activation in 3D collagen matrices but not on 2D collagen surfaces [Sacharidou et al., 2010] . Thus, the EC lumen signaling complex is required for each of the key steps in EC lumen and tube formation including: (i) EC interactions with ECM through integrins, (ii) ECM proteolysis to create vascular guidance tunnels and promote cell motility, (iii) activation of Cdc42 and Rac1 and suppression of RhoA to control cytoskeletal rearrangements and Par3-dependent polarity signaling, (iv) membrane trafficking events to Koh et al., 2008a Koh et al., , 2009 Zheng et al., 2010; Sacharidou et al., 2010; Chan et al., 2011 Par3, CCM1, CCM2, and CCM3 ( tables 1 , 2 ). A novel regulator of EC lumen formation that has just been reported is Rasip1, an EC-specific gene that shows EC specificity in mice and Xenopus species [Xu et al., 2009 [Xu et al., , 2011 . Knockout of Rasip1 leads to complete failure of EC lumen formation in all vascular beds from the aorta to the microvasculature [Xu et al., 2011] . Importantly, Rasip1 was found to associate with Arhgap29, a GTPase activating protein with specificity for inactivating RhoA-GTP. Interestingly, knockout of either Rasip1 or Arhgap29 leads to marked RhoA activation of ECs in either 2D or 3D matrices. SiRNA suppression of either Rasip1 or ArhGAP29 markedly blocks EC lumen and tube formation in 3D collagen matrices and leads to suppression of Cdc42 and Rac1 activation, while there is a strong increase in RhoA activation [Xu et al., 2011] . Furthermore, knockdown of Rasip1 blocks the kinase cascade controlling EC lumen formation including suppression of Src, Pak-4, C-Raf, B-Raf, and Erk1/2 [Xu et al., 2011] . Interestingly, when Rasip1 was knocked down, it was possible to rescue this lumen formation defect when dominant negative RhoA or siRNA to RhoA were introduced into human ECs in 3D collagen matrices [Xu et al., 2011] . Thus, a major function of Rasip1 is to coordinate Rho GTPase signaling and thereby affect EC morphogenesis, cytoskeletal organization, and integrin-mediated adhesion. It also facilitates Cdc42 and Rac1 activation while it suppresses RhoA activation to control the lumen and tube formation process in 3D matrices.
Cell Polarity and Membrane Trafficking Mechanisms in the Molecular Control of EC Lumen and Tube Formation and Stabilization
As discussed above, membrane trafficking plays a key role in intracellular vacuole formation and fusion mechanisms that affect lumen formation ( fig. 4 ) . Also, it is a critical process for trafficking of membrane from the basal surface to the apical surface during lumen formation. Thus, in order for lumen formation to occur, there needs to be a marked transfer of membrane components (i.e. lipids, proteins, etc.) to the apical membrane to expand this surface. Interestingly, DNA microarray analysis has revealed marked increases in cholesterol biosynthetic enzymes (e.g. HMG CoA reductase) during EC lumen formation [Bell et al., 2001] , which is consistent with increased membrane requirements such as the creation of the apical membrane surface.
Basal-to-apical transfer of membrane has been demonstrated during the process of epithelial cell lumen formation where apical and basal membrane polarity is much more defined with respect to the polarized distribution of apical transmembrane proteins (e.g. podocalyxin and annexin2) as well as membrane-associated cytoskeletal components (e.g. actin and moesin) compared to EC lumen formation [Bryant and Mostov, 2008; Andrew and Ewald, 2010; Bryant et al., 2010; Datta et al., 2011] . Recent work reveals a role for Cdc42-dependent Fig. 6 . MT1-MMP is required for EC lumen and tube formation in 3D collagen matrices. siRNA suppression experiments were performed using mRFP-labeled human ECs and three siRNAs which were control luciferase (Luc), MT1-MMP, and MT3-MMP. The treated ECs were seeded in FITC-labeled 3D collagen matrices and, after 24 h, cultures were imaged by confocal f luorescence microscopy. Scale bar = 100 m.
polarity, Par-3, annexin2, PTEN, and Rabs 11A and 8A in epithelial membrane polarity during lumen and tube formation events [Martin-Belmonte et al., 2007 , 2008 Jaffe et al., 2008; Bryant et al., 2010; Hao et al., 2010; Datta et al., 2011] . The latter two Rab proteins and their associated proteins play a key role in membrane trafficking as well as apical and basolateral sorting of protein and membrane cargo during epithelial tube morphogenesis and function [Bryant et al., 2010 ]. An important point is that many epithelial cell tubes are specialized for apical secretion or absorption, and thus there is a critical dependence on sorting of specific transmembrane proteins and cytoskeletal components to accomplish this specific sorting process [Bryant and Mostov, 2008] . EC-lined tubes are primarily conduits for blood flow and gas exchange and have less secretory or absorptive functions; thus, their need for such specialized polarity as observed in epithelial tubes appears to be much less.
We would like to suggest that EC polarity may be accomplished in different ways that are uniquely related to the functional differences of EC-lined tubes compared to other types of tubes. For example, one clear distinction of EC and epithelial tubes is that mural cells are recruited to EC tubes in most cases and that they recruit selectively to the abluminal EC surface ( fig. 7 , 8 ) . Furthermore, mural cells such as pericytes regulate the deposition of vascular basement membrane matrix selectively on this abluminal surface, again demonstrating a polarized process ( fig. 8 , 9 ) [Stratman et al., 2009a . Furthermore, flow forces selectively affect the EC apical surface (a fluid interface) and together with the basal contact with vascular basement membrane (a matrix interface) likely play major roles in EC polarity signaling and control ( fig. 8 ) . The relative lack of EC apicalbasal transmembrane protein or cytoskeletal markers may make the case that polarization of such markers might not be that relevant to the lumen formation process. The rapidity with which EC form lumens and tubes, without much evidence for apical or basal transmembrane protein polarity markers, suggests that this property may not be a central feature underlying the mechanistic requirements for lumen formation. Perhaps ECs and epithelial cells are distinct in this regard. Another possibility is that polarized molecules in ECs will be discovered as more information is obtained regarding this process. However, it is of great interest that known polarity regulators such as Cdc42, Par6b, Par3, and aPKC are fundamental regulators of EC lumen formation; thus, polarity signaling pathways are necessary for EC lumen formation [Koh et al., 2008a; Sacharidou et al., 2010; Zovein et al., 2010; Davis et al., 2011b] . Also, these components are required molecules within EC lumen signaling complexes that are necessary for the EC lumen and tube formation process ( fig. 5 ) [Sacharidou et al., 2010] .
JamB and JamC Interact with the Polarity Protein Par3 to Control the Assembly of EC Lumen Signaling Complexes Which Are Required for Tubulogenesis in 3D Matrices
Critical components of the EC lumen signaling complex are JamB and JamC [Sacharidou et al., 2010] ( fig. 5 ), which were previously implicated in tight junction formation and signaling as well as inflammation [Ebnet et al., 2003 [Ebnet et al., , 2004 . JamC has been implicated in angiogenic responses although its specific functional purpose during these events was unclear [Lamagna et al., 2005] . A recent study demonstrated mutations in JamC that lead to neonatal lethality in humans due to vascular abnormalities and hemorrhage, particularly in the central nervous system [Mochida et al., 2011] . JamB and JamC are known to interact with each other and, through their cytoplasmic tails, are known to bind the polarity protein Par3 [Ebnet et al., 2003 [Ebnet et al., , 2004 . siRNA suppression of both JamB and JamC markedly blocks EC lumen formation as well as the addition of soluble blocking antibodies to both JamB and JamC [Sacharidou et al., 2010] . Combined blockade of both molecules (using siRNAs or blocking antibodies) results in dramatic inhibition of EC lumen formation [Sacharidou et al., 2010] . This inhibition is accompanied by a lack of Cdc42 activation, blockade of MT1-MMP-mediated tunnel formation, and complete blockade of the kinase cascade (i.e. reduced Src, Pak-2, Pak-4, B-Raf, C-Raf, and Erk1/2 phosphorylation) that is activated downstream of the EC lumen signaling complex and which is necessary for EC tubulogenesis in 3D matrices [Sacharidou et al., 2010] .
Importantly, increased expression of either JamB or JamC constructs without their cytoplasmic tails leads to marked blockade of tube formation [Sacharidou et al., 2010] . Deletion of the C-terminal 5 amino acids of the JamC cytoplasmic tail which is known to bind Par3 also completely inhibits EC lumen formation in 3D collagen matrices. The expression of these constructs also blocked Cdc42 activation in 3D collagen matrices but, importantly, not on 2D collagen substrates; this is an indication that JamB/JamC interactions with Par3 are necessary for EC Cdc42 activation in 3D matrices [Sacharidou et al., 2010] . In addition, we demonstrated that increased expression of JamA interfered with lumen formation while siRNA suppression of JamA increased lumen formation, which suggests that JamA inhibits this process [Sacharidou et al., 2010] . The mechanism by which this occurs is not clear; however, it may be through competition with Par3 binding which could disrupt the EC lumen signaling complex and prevent tube formation. Thus, JamB and JamC appear to play a central role in EC lumenogenesis by controlling the assembly and function of EC lumen signaling complexes [Sacharidou et al., 2010; Davis et al., 2011b] .
Critical Functional Role for MT1-MMP-Mediated Proteolysis and Vascular Guidance Tunnel Formation during EC Tube Assembly and Maturation in 3D ECM
Considerable information demonstrates that cell surface proteolysis is a major functional regulator of EC tubulogenesis and invasive phenomena such as sprouting [Lafleur et al., 2002; Chun et al., 2004; Saunders et al., 2006; Sabeh et al., 2009; Stratman et al., 2009b] . MT1-MMP is a key transmembrane proteinase that mediates many of these cellular behaviors [Fisher et al., 2009; Sabeh et al., 2009] . A consequence of these proteolytic events during tubulogenesis or invasion is the creation of physical spaces within the ECM termed vascular guid- Recruitment of pericytes to EC-lined tubes occurs within vascular guidance tunnels that are generated during the EC tubulogenic process in 3D ECM. EC-only ( a ) or EC-pericyte ( b ) cultures were established in 3D collagen matrices, and after 5 days cultures were fixed, stained, and photographed. Note that the presence of pericytes creates much more uniformity and complex patterns in the EC tube networks than in their absence and EC tube widths are markedly increased in EC-only versus EC-pericyte cocultures. c-e ECs were seeded with GFP-pericytes and allowed to assemble for 5 days. After fixation, cultures were stained with collagen type I antibodies to identify vascular guidance tunnels ( c ), CD31 to identify EC tubes ( d ), and CD31 to label ECs, but also with the addition of Hoechst dye to label both EC and pericyte nuclei. Scale bars = 50 m ( a , b ) and 25 m ( c-e ).
ance tunnels ( fig. 5 ). Both blood and lymphatic ECs demonstrate this morphogenic requirement in 3D collagen matrices ( fig. 6 , 10 ). Single cells such as tumor cells, pericytes, and fibroblasts also create tunnel spaces that trail the invading cells [Fisher et al., 2009; Sabeh et al., 2009] . Importantly, we have observed that all regulators of tubulogenesis that we have identified also directly affect the generation of vascular guidance tunnels mediated through MT1-MMP proteolytic activity coordinated with integrin-, JamB/C/Par3/Par6b-, and Cdc42/Rac1-mediated signaling (i.e. EC lumen signaling complexes) ( fig. 6 ) [Sacharidou et al., 2010] . The coordination of tubulogenesis with cell surface proteolysis is one of the key reasons why tube formation is a 3D-specific event, since such proteolysis is not required for EC motility on 2D matrix surfaces. Initial experiments demonstrated that addition of TIMP-2, TIMP-3, and TIMP-4, but not TIMP-1, could block either EC lumen formation or EC sprouting events Saunders et al., 2006; Stratman et al., 2009b] . Also, the chemical inhibitor GM6001 blocked both processes . SiRNA suppression screening experiments revealed a major role for MT1-MMP, with a lesser but detectable role for MT2-MMP in both EC lumen formation and EC sprouting into 3D collagen matrices ( fig. 6 ) Stratman et al., 2009b] . Increased expression of wild-type but not catalytically inactive recombinant MT1-MMP leads to a marked increase in EC lumen formation as well as vascular guidance tunnel formation [Stratman et al., 2009b] . Interestingly, expression of a wild-type MT1-MMP recombinant construct without its cytoplasmic tail leads to a marked increase in EC lumen and tunnel formation [Sacharidou et al., 2010] . Previous reports describe that the cytoplasmic tail of MT1-MMP mediates its internalization from the cell surface and thereby negatively regulates cell surface proteolytic activity. These findings are consistent with our results in that increased EC lumen and tunnel formation was accompanied by increased cell surface expression of MT1-MMP in the ab- sence of its cytoplasmic tail. Of great interest was our finding that expression of catalytically inactive MT1-MMP without its cytoplasmic domain results in dominant negative inhibition of endogenous MT1-MMP with complete blockade of lumen and vascular guidance tunnel formation [Sacharidou et al., 2010] . Finally, MT1-MMP, a membrane-tethered collagenase with specificity for triple-helical collagens, strongly interacts with the collagen-binding integrin ␣ 2 ␤ 1, and together they are components of the EC lumen signaling complex which is required for EC tubulogenesis in 3D collagen matrices [Sacharidou et al., 2010 ]. An important consequence of EC tubulogenesis is the generation of vascular guidance tunnels, which are critical matrix conduits that control vascular tube remodeling, cell motility, and ECM remodeling events that are necessary for tube maturation and stabilization ( fig. 9 ). In fact, pericytes which are recruited along the abluminal surface of EC-lined tubes are actually recruited into vascular guidance tunnels in which the tubes are embedded ( fig. 4 , 7 ) . In this way, pericytes are able to migrate on this abluminal surface and, in conjunction with ECs, induce the deposition of a continuous vascular basement membrane ( fig. 8 , 9 ) [Stratman et al., 2009a] . Interestingly, once vascular guidance tunnels are created, ECs are able to freely migrate through these matrix conduits in an MMP-independent manner [Stratman et al., 2009b] . Also, once pericytes are recruited through EC-derived PDGF-BB and HB-EGF to the EC tubes within the tunnel spaces [Stratman et al., 2009a , they are also able to migrate on the EC abluminal surface in an MMP-independent manner to facilitate the vascular basement membrane matrix assembly process [Stratman et al., 2009a] . Thus, vascular guidance tunnels, which are downstream of MT1-MMP-dependent proteolysis, play a major role in a fundamental step in vascular tube remodeling and maturation (i.e. vascular basement membrane assembly secondary to dynamic EC-pericyte interactions) that is required for blood vessel structure and function during development and postnatal life ( fig. 5 , 9 ). 
Endothelial Lumen Signaling Complexes Control Vascular Lumen Formation and Tube Morphogenesis Specifically in 3D Matrix Environments
Considerable past work has revealed the critical role of individual molecules such as integrins, Rho GTPases, polarity molecules such as Par3, and MT1-MMP, but there was previously little understanding of how these molecules work together to control these events ( tables 1 , 2 ) [Davis et al., 2007 [Davis et al., , 2011b . The discovery of EC lumen signaling complexes, which represent multiprotein complexes containing Cdc42-GTP, Par6b, Par3, JamB, JamC, MT1-MMP, and ␣ 2 ␤ 1 leads to a better mechanistic understanding of how molecules work together to control a complex process such as EC tubulogenesis in a 3D matrix environment [Sacharidou et al., 2010; Davis et al., 2011b ]. There appears to be a critical interdependence to control the 3D matrix-specific tube formation process [Sacharidou et al., 2010; Davis et al., 2011b] . As an example, we demonstrated that MT1-MMP activity is necessary for Cdc42 activation in 3D collagen matrices and vice versa in that blockade of Cdc42 leads to markedly reduced MT1-MMP activity (as indicated by a lack of lumen and vascular guidance tunnel formation) [Sacharidou et al., 2010] . In contrast, the molecules do not appear to influence each other when ECs are seeded on the surface of collagen matrices; thus, the Cdc42 and MT1-MMP interdependence requires that ECs be present in a 3D matrix environment [Sacharidou et al., 2010] . Also, RhoA activation was not affected by either molecule regardless of whether the cells were cultured in 3D or on 2D matrices. Also, we demonstrated that the JamB and JamC cytoplasmic tails were necessary for Cdc42 activation, MT1-MMP activity (to create tunnel spaces), and EC lumen formation in 3D matrices but not on 2D surfaces [Sacharidou et al., 2010] . Overall, these data indicate that the EC lumen signaling complex controls a 3D matrix-specific EC signaling pathway that is essential for ECs to form lumens and tubes during vascular morphogenic events. Furthermore, the EC lumen signaling complex is regulated by and controls a kinase signaling cascade involving PKC , Src, Yes, Pak-2, Pak-4, C-Raf, B-Raf, Mek1, and Erk1/2 [Sacharidou et al., 2010] . Interestingly, PKC or Src blockade leads to the disassembly of EC lumen signaling complexes [Sacharidou et al., unpubl. observations] , which suggests that these kinases play a major role in maintaining the interactions necessary to promote EC lumen formation in 3D matrices. aPKC isoforms such as PKCiota [Sacharidou et al., in preparation] play a role in EC lumen formation through direct interactions with Par6 isoforms. Finally, kinases downstream of CCM1, CCM2, and CCM3 activation termed sterile 20 kinases (STKs) (e.g. STK25) work together to control EC lumenogenesis Chan et al., 2011] . Moesin, a regulator of lumen formation [Wang et al., 2010] , appears to be a a b c d Fig. 10 . Lymphangiogenic sprouting and lumen formation requires MMP activity in 3D collagen matrices. Human dermal lymphatic ECs were seeded on the surface of collagen gels and angiogenic sprouting was stimulated by sphingosine-1-phosphate which was incorporated into the collagen matrix. Culture media contained reduced serum supplement, phorbol ester, FGF-2, and VEGF-C to facilitate survival and morphogenesis. In addition, GM6001 was added at 5 M to block MMP activity ( b ) or was not added ( a ). Arrows indicate lymphatic lumen and tube structures. Lymphatic ECs were shown to stain with Prox-1 and LYVE-1 ( c , d ) and were also shown to attach to anti-podoplanin antibodies coated on plastic wells, while human umbilical vein ECs failed to attach under the same conditions. Overall, these results confirmed their identity as lymphatic ECs. Scale bars = 100 m ( a , b ) and 25 m ( c , d ).
kinase substrate of particular STKs . A major future direction will be to pursue phosphoproteomic strategies to identify phosphorylated targets downstream of the key lumen regulating kinases that control these events.
Conclusions and Future Directions
It is clear that considerable progress has been made regarding the molecular basis for EC lumen and tube formation during vasculogenic and angiogenic events. This progress has been strongly enhanced by the development of molecular and signaling approaches to studying these events in vitro under defined conditions in 3D matrices. There are now numerous examples which have shown that particular in vitro tubulogenic systems have very accurately identified critical molecules that control vascular morphogenesis and maturation and which have been confirmed using mouse, avian, or zebrafish in vivo models. Increasingly, collaborative interactions between groups that specialize in in vivo versus in vitro morphogenic systems have strongly advanced our understanding of these processes.
Future studies should place a strong emphasis on how protein kinase cascades control vascular morphogenesis and how they interface with the EC lumen signaling complex as well as the microtubule and actin cytoskeletons to affect these events [Davis et al., 2011b; Senger and Davis, 2011] . Also, considerable work needs to be performed on how (and which) cytokines control particular steps in vascular morphogenesis and how ECM affect these responses [Davis and Senger, 2008; Hynes, 2009; Senger and Davis, 2011; Stratman et al., 2011] . Since cytokines and growth factors have specific affinities for particular ECM components [Hynes, 2009; Senger and Davis, 2011] , cosignaling events between growth factor/cytokine receptors and ECM receptors such as integrins [Hynes, 2009; Somanath et al., 2009; Senger and Davis, 2011] will likely create unique signals that characterize the various steps of vascular tube morphogenesis, sprouting, and maturation.
Recent work using human ECs under serum-free defined conditions revealed some surprising results regarding the cytokines that control vascular tube morphogenesis in 3D matrices. We have reported that hematopoietic stem cell cytokines, stem cell factor (SCF), interleukin-3 (IL-3), and stromal-derived factor (SDF)-1 ␣ , when combined, were able to stimulate vascular tube morphogenesis in 3D matrices ].
This occurred with or without pericyte addition, and pericytes were recruited to developing tubes to stimulate vascular basement membrane assembly in the presence of these defined hematopoietic cytokines [Stratman et al., 2009a . In contrast, the combination of VEGF and FGF when mixed under these conditions was unable to support EC tube formation even in the presence of pericytes . Interestingly, this study also reported that VEGF and FGF can prime (or prepare) EC responsiveness to hematopoietic cytokines (through upregulation of hematopoietic cytokine receptors) . Thus, VEGF and FGF were particularly effective as EC priming factors, while the hematopoietic factors failed to show activity as priming factors but were strong promorphogenic factors. Thus, the optimal sequence of factor addition for maximal EC tube morphogenesis is to prime ECs with VEGF and FGF, followed by exposure to hematopoietic cytokines during the process of tube formation; reversing the order does not allow for EC tube morphogenesis . This study is one example of how in vitro models can be utilized to address complex biological questions in vascular biology. The work identified multiple novel regulators of vascular tube morphogenesis (i.e. hematopoietic stem cell cytokines stimulating EC tubulogenesis) and revealed new functional roles for previously described factors that influence vascularization responses (i.e. VEGF and FGF as EC priming factors preparing ECs for subsequent morphogenic signals) . These new insights could lead to novel therapeutic strategies that affect the vasculature in a positive or negative way in various disease states such as cancer, diabetes, and macular degeneration. It is also clear that such insights into the molecular requirements for EC tubulogenesis and maturation events can lead to new approaches for tissue bio engineering through the ability to generate human microvascular networks which could be integrated into specific tissue microenvironments (e.g. skin and heart) for transplantation and other applications.
